The kerosene-type jet fuel, JP-8, consists of a complex mixture of aliphatic and aromatic hydrocarbons. Because of the utility of JP-8, studies have been conducted to identify the potential long-term consequence of occupational inhalation exposure. Fischer 344 rats and C57BLJ6 mice of both sexes were exposed to JP-8 vapors at 0, 500, and 1,000 mg/m3 on a continuous basis for 90 days, then followed by recovery until approximately 24 months of age. Occurrence of necrotizing dermatitis associated with fighting resulted in an increase in mortality in mice (male greater than female) during the 2 week to 9 month post-exposure recovery period. The male rat kidney developed a reversible ultrastructural increase in size and propensity for crystalloid changes of phagolysosomal proteinic reabsorption droplets in the proximal convoluted tubular epithelium. A specific triad of persisting light microscopic renal lesions occurred but functional change was limited to a decrease in urine concentration compared to controls that persisted throughout the, recovery period. The response is comparable to the chronic effect of lifetime exposure of the male rat to unleaded gasoline, d-limonene, and p-dichlorobenzene, except for the absence of tubular tumorigenesis. The active toxicologic response presumably must occur over a greater proportion of the male rat's life span for the tumor component of this male rat hydrocarbon nephropathy syndrome. The predictiveness for humans must be questioned, since the pathologic response to JP-8 involved only one tissue in one sex of one species, and since the male rat response appears to be linked to an inherent renal protein peculiarity.
INTRODUCTION
paratively lower vapor pressure which is associated with reduced evaporation fuel losses. JP-8 is similar tOjhe COInmerCial fuel Jet A-1. Potential accidental OVe6XpOSUre otworkers indicated the need for studies to define the toxicity of this fuel. These data could then be used to predict safe exposure levels for workers handling JP-8 in storage or in the field. The PuVose of this study was to establish the consequence Of 90 days Of continuous inhalation exposure. This exposure regimen simulates the worst case potential working conditions that may be experi-
The kerosene type aviation fuel, jp-8, consists of a complex mixture of aliphatic and aromatic hyr drocarbons. jp-8 is of interest to the United Stat& f i r Force (USAE) since it more effectively resists gunfire and crash-induced fuel fires and explosions than militaryjet fuels to be replaced. Jp-8 also provides relative benefits in BTUs per gallon resulting in increased range for most aircraft, and has corn-TOXICOLOGIC PATHOLOGY tional exposure regimens. Exposure was for a shorter duration because lifetime occupational exposures for military personnel are generally restricted to less than 20 years. Previous studies of hydrocarbon fuels have shown histopathologic changes in the kidneys of male rats (5) (6) (7) 17) . Because of the similarity of JP-8 and previously tested jet fuels, this study was expanded to further characterize the anticipated male rat nephropathy. Specific interests included ultrastructural characterization of the active injury, functional impact of the kidney injury, reversibility of the active injury, and assessment of the progression of the chronic effects.
MATERIALS AND METHODS JP-8 is a complex mixture of hydrocarbon compounds refined from petroleum and is very similar in composition to kerosene. The fuel is defined in terms of physical and chemical characteristics and includes various additives, all of which meet the requirements of Military Specification MIL-T-83 133A. The average aromatic content for JP-8 fuels was 14.5% in a recent survey, with the highest aromatic content reported as 18.8% (1 8). Fischer 344 rats (Charles River Breeding Laboratory, Wilmington, MA) and C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) were exposed to JP-8 vapor on a continuous basis (24 hr/day) for 90 days at target concentrations of 0, 500, or 1,000 mg/m3 for control, low, and high dose, respectively. Three Thomas Dome inhalation chambers (25 m3), 2 for exposure to JP-8 and 1 as a sham control chamber, were utilized for this study. Each chamber housed 95 male and 75 female rats and 100 mice of each sex. Rats and mice, approximately 10 weeks of age at exposure initiation, were randomly chosen for each group and each sacrifice time point prior to dosing. Animals were gang-caged by species in stainless steel, wire-mesh cages during exposure. Water was available ad libitum. Feed (Purina Formulab #5008) was available ad libitum except when animals were fasted overnight prior to sacrifice. Feeders were designed to minimize contamination of the feed with JP-8. All cage areas were cleaned daily during which time food remaining in the feeders was discarded and replaced with a fresh supply. Each dome was equipped with its own airlock through which personnel, provided with respiratory protection and disposible protective clothing, entered the chamber without interruption of exposure. The air flow, pressure, relative humidity, and ambient temperatures of each chamber were monitored and recorded hourly. Relative humidity was maintained at 50 3. 20% and the temperature at 23 f 2°C with continuous light. At the end of the 90-day exposure period, sham-exposed controls and JP-8 exposed animals were maintained in separate animal holding rooms with 12 hr IighVdark Cycle-
The introduction system used to generate Jp-8 vapors was similar to that used in previous jet fuel studies (5) (6) (7) 15) . The system consisted of heated glass evaporation towers through which JP-8 liquid was passed. An air stream flowing through the towers carried the vapors into the main chamber air supply. Analysis of the chamber concentration was accomplished by pumping air samples from each chamber into a total hydrocarbon analyzer Calibrated with heptane. The average low-dose concentration was 498.5 mg/m3 with a standard deviation of 8.5. The average high-dose concentration was 999.9 mg/m3 with a standard deviation of 17.5.
Using a gas chromatograph (Model 3700 with FID detector, Varian), tracings were obtained from a liquid sample of each 55 gallon drum of JP-8 obtained from the Air Force prior to the initiation of the study. Over 100 peaks were detected for JP-8, 26 with an area greater than 1%. The 7 largest peaks appeared to be representative of the mixture comprising 23.3% of the total area. A gas chromatographic (GC) trace of a sample of each drum was also obtained as the fuel was introduced into the exposure system to ensure relative constancy of the JP-8 over the course of the exposure. GC traces of the contaminant in each chamber were also routinely obtained every 2 weeks. Analysis indicated that the entire JP-8 sample was vaporized. A particle counter (Model 227 equipped with a 508 digital monitor, Royco) was used to measure possible formation of vapor condensate aerosol. No aerosol was detected in any chamber.
Upon termination of the 90 day exposure period, 15 rats and 25 mice per sex and dose group were sacrificed and necropsied. Interim sacrifices of 10 male rats/group were performed at 2 weeks and 2 months post-exposure; 10 rats and 10 mice from each sex and dose group were sacrificed at 9 months post-exposure. Final sacrifice of the surviving mice (male: control-53, low-dose-38, high-dose-33; female: control-64,low-dose-63, high-dose-59) was performed at 20 months post-exposure. Final sacrifice of surviving rats (male: control-46, lowdjdse-48, high-dose-49; female: control-50, lowdose-50, high-dose-49), was performed at 21 months post-exposure.
Body weights were measured individually on all rats at biweekly intervals during the exposure, monthly thereafter, and prior to sacrifice; mice were weighed in groups and group mean body weights were monitored on a monthly basis. Fasted blood samples for hematology and clinical chemistry analysis were collected from all rats sacrificed at exposure termination, 2 week and 2 month interim sac- rifices, and from 10 male and 10 female ratdgroup at final sacrifice. Routine urinalyses including cell counts and osmolarity were conducted on 10 male ratdgroup, once pre-exposure and at each scheduled sacrifice.
A complete necropsy was performed on all rats and mice at death or scheduled sacrifice. Necropsy procedures included external and visceral examination, and formalin fixation of approximately 40 tissues/animal for routine histopathology. All gross lesions and tissue masses or suspect tumors and regional lymph nodes were collected. For rats liver, kidney, and spleen weights were measured prior to fixation at immediate post exposure, nine months post exposure, and final sacrifices. At the final sacrifice organ weights were only measured for 10 rats per group per sex. Lungs from all rats sacrificed at termination of the exposure were fixed by perfusion by intratracheal instillation at a constant pressure (20 cm water) with a mixture of 70% ethanoV30% formalin. Lungs were prepared for routine histopathology and scanning electron microscopy. One kidney from 2 rats/sex/group at the termination of the exposure was fixed by local perfusion fixation at constant pressure (150 crn water) with 1% glutaraldehyde in 0.1 M phosphate buffer for transmission electron microscopy of cortical and medullary regions.
Data from routine animal weighing were analyzed for statistical significance by repeated measures analysis of variance (1). In addition, a 2-way analysis of variance was performed to compare male vs female animals at each time point to examine the possibility of sexual differences. Hematology, clinical chemistry, and organ weights were analyzed for statistical significance using either a 2 or 3 factorial analysis of variance. Multiple comparisons for data from animal weighing, hematology, blood chemistry, and organ weights were made using Bonferoni corrections (1). Tumor data were analysed by the chi-square test for proportions and an Annitage Test for Trend (4). Multiple comparisons were made using either Bonferoni corrections of the Fisher Exact Test or Bates Exact Chi-square (1, 4). Survival distribution was estimated for each dose .level using the Kaplan-Meier product-limit method. The resulting distributions were tested for equality by the Mantel-Cox statistic (14) . The level of significance was accepted at p < 0.05.
RESULTS

In -Life Observations, Organ Weights, Clinical Pathology, and Urinalysis
Exposure to JP-8 produced no significant clinical signs of toxicity and did not substantially alter the -Body weights of male rats exposed to 500 (low) or 1,000 (high) mg/m3 JP-8 continuously for 90 days and held for 21-month recovery. Body weights of exposed male rats were significantly lower than control male rats. The symbol, "a," represents the end of exposure. normal mortality incidence in rats. A statistically significant depression in male rat body weight gain developed during the JP-8 exposure, and persisted to the study termination ( Fig. 1 ). Female rat body weights were not significantly affected by JP-8 exposure (Data not shown). JP-8 exposure resulted in increased absolute and relative kidney weights in low-and high-dose male rats (Table I ). The influence of JP-8 exposure on kidney weight was temporarily reversible after 9 months of recovery, but reappeared in both treatment groups after 21 months of recovery. Female rat kidney weight as well as liver and spleen weights in both sexes were not different between control and exposed rats.
No biologically significant changes were identified in hematologic and clinical chemistry analyses performed on male or female rats. Significant changes were observed in the male rat urinalysis data ( Fig.   2 ). Specifically, significant decreases in urine osmolality occurred as a treatment effect. Urine osmolarity decreased for all groups, control and exposed, during housing in the exposure chambers. There were no significant differences between groups for urine osmolarity at the post-exposure sacrifice. At the 2 week recovery time point, control osmolasty returned ,to preexposure levels while osmolarity of urine of both exposed groups recovered to significantly lesser degrees, This effect, that was not dose-dependent, persisted through the entire recovery period. JP-8 exposure also increased urinary renal epithelial cell numbers in male rats ( Table 11 ). The incidence and severity of epithelial cells in the urine of rats at the end of exposure appears to be dose dependent, but were reversed by the 2 week recovery period.
In exposed mice, no significant clinical signs of toxicity were noted that differentiated the groups, except for the increased incidence of fighting. Male mice exposed to JP-8 had significantly higher mortality rates compared to controls ( Fig. 3) the number of treated mice that died was the same (47 out of 100) for both experimental groups. The vast majority of male mice dying prior to the scheduled final sacrifice were sacrificed in moribund condition with necrotic dermatitis induced by fighting. The majority of moribund sacrifices and spontaneous deaths in the high-dose males occurring beyond control levels were found between the 2 week and 9 month post-exposure sacrifice. The incidence of fighting-induced dermatitis resulting in death was greater in male mice than in female mice. Mortality rates of female mice and body weights of exposed male and female mice were comparable to controls (data not shown). Occurrence of necrotizing dermatitis (associated with fighting) was also the predominant correlate with unscheduled deaths in female mice.
Pathology JP-8 inhalation resulted in alterations in the male rat kidney. Ultrastructurally, the proximal convoluted tubular cells ofcontrol rats contained proteinic phagolysosomal reabsorption droplets which only occasionally were enlarged with crystalloid change. In contrast, low-dose and high-dose groups had a much greater propensity for development of large crystalloid phagolysosomal cytoplasmic inclusions (Fig. 4) . The P2 segment of the proximal tubule represented the segment most prominently affected by this change. Cystic dilation of tubules primarily found near the junction of the inner and outer stripe occurred in the presence of luminal cell debris consistent with identification of a granular cast in his:tologic tissue section. These casts were determined to arise primarily in pars recta, but also involved loops of Henle ( Figs. 5 and 6 ). The junction of inner and outer stripe represents the site oftransition from pars recta to the descending limb of Henle's loop, and may be a site where luminal diameter narrows. Necrosis of cells lining the tubule containing the cast was not observed.
Histopathologically, the kidneys of treated rats at the end of 90 days exposure were characterized by hyaline droplet formation (Fig. 7) , granular casts in the outer medulla (Fig. 8) , and increased incidence and severity of lesions undifferentiable from those of chronic progressive nephrosis ( Fig. 9 ). Chronic progressive nephrosis is characterized by the presence of several changes on a nephron basis, including basophilic alteration of proximal tubular epithelial cell cytoplasm, thickening of basement membrane of the glomerular tuft and proximal tubule, hyaline casts within the proximal tubules, and scanty interstitial lymphofibrocytic response. After the 90 day exposure period followed by 2 weeks or 2 months of recovery, the hyaline droplet response was no longer discernible. Granular casts accumulated in the outer medulla, and exacerbated degrees of chronic progressive nephrosis remained prominent. Additionally, linear mineralization appeared in the inner medulla, in the prebend segment of the loop of Henle (Fig. 10) . In 2 male rats (1 low-and 1 high-dose) a granular cast in outer medulla was mineralized. After 9 months or 21 months of recovery granular casts in the outer medulla were no longer discernible. In contrast, lesions of chronic progressive nephrosis and the linear mineralization in inner medulla continued to increase in incidence and seventy (Fig. 11) . Increased incidence and seventy of chronic progressive nephrosis in treated rats compared to controls persisted through the 9 and 21 month recovery periods, confirming that these changes associated with JP-8 are not reversible, and actually are progressive. Furthermore, only 'in the treated male rats, the urothelium lining the papilla became hyperplastic, apparently associated with the papilla mineralization ( Fig. 12 ). Treatment associated lesions were essentially greater in the higher dose. Incidence (and severity) of male rat kidney lesions are presented in Table 111 .
Pulmonary lesions in rats, which included chronic interstitial inflammation and alveolar epithelial hyperplasia, were frequently observed at interim sacrifices. Lesions were present in similar frequency in control and treated animals of both sexes, and were consistent with the effects of an adventitious respiratory system viral infection, hence, unrelated to JP-8 administration. Scanning electron microscopy of the surface of the left main stem bronchus and representative regions of the left lung revealed no differences between control and exposed rats. All other lesions observed at interim sacrifices in male and female rats were considered incidental background lesions.
At the final sacrifice, the only consistent non-neoplastic lesion recognized in female rats was increased splenic hematopoiesis. This change was statistically dose-dependent but usually of only minimal or mild degree.
In male rats, basophilic foci were observed in livers of 11, 35, and 31% of control, low-, and highdose groups, respectively, at final sacrifice. The increase in basophilic foci was statistically significant. No other treatment related non-neoplastic lesion occurred in any of the numerous tissues examined from each rat.
Neoplastic lesions of increased incidence were observed in the adrenal medulla and peritoneum (tunica vaginalis derived mesothelioma) of male rats, and the thyroid of female rats at the 2 year final sacrifice. Review ofhistorical data for the neoplasms indicates that values were within historic norm (10). Furthermore, differences were not statistically significant.
In female rats, the combined incidence for thyroid C cell adenoma and carcinoma was 14,16, and 27% in control, low-, and high-dose groups. The. com- a Incidence in % (mean severity of afected male rats where 1 = minimal or <I%, 2 = mild or 1-10%, 3 = moderate or 11-30%. and 4 = severe or >30% of nephronsJparenchyma afected).
at SAGE PUBLICATIONS on December 9, 2012 tpx.sagepub.com Downloaded from bined incidence for thyroid neoplasms in controls of this study appears to exceed that expected in female rats of this age and strain (lo), however, these findings were not statistically significant, and thus were not considered a neoplastic effect.
There were no compound related neoplastic changes in mice exposed to JP-8 jet fuel. All nonneoplastic lesions observed in mice at termination of the 90 day exposure period were considered incidental or indirectly related to compound administration. At 1 yr (9 months post exposure), pathology findings were limited to dose-related increases in the incidence of inflammatory skin lesions and splenic hematopoiesis in male mice, however, neither lesion was considered a direct treatment effect. Skin lesions were attributed to wounds incurred by fighting, and splenic extra medullary hematopoiesis (EMH) was considered a secondary hematopoietic response to the presence of inflammatory skin lesions. Frequently occurring non-neoplastic lesions in mice at final sacrifice (20 months post-exposure) included eosinophilic degeneration of nasal epithelial cells and inflammatory changes of the anus, liver, and kidneys in female mice. In male mice, focal mineralization in the brain, eosinophilic degeneration of nasal epithelium, tooth malformations, and deposition of amyloid material in the ileum were frequent non-neoplastic lesions. Of these findings, only ileal amyloidosis was considered a possible treatment effect. This lesion was present in male high-dose mice, but not in control or lowdose groups. Although observed only in high-dose males, the actual numbers of animals affected with ileal amyloidosis was low (4 of 28), and the relationship of the lesion to JP-8 toxicity is considered unlikely. The other non-neoplastic findings at final sacrifice are commonly reported background lesions in mice of this strain and age, and were considered incidental since incidences were comparable among groups.
DISCUSSION
Evaluation of the chronic response of rats and mice to vapors of JP-8 after 90 days of continuous inhalation exposure revealed limited toxicity and no tumorigenicity. The limited toxicity was seen g s dermatitis due to fighting, most prevalent in male mice, splenic hematopoiesis in female rats, basophilic foci in livers of male rats, and as a renal lesion in only male rats. Group housing of mice, a practice no longer used, resulted in excessive fighting between cage mates in control and in both treated groups. Fighting resulted in necrotic dermatitis, the major reason for cause of death for control and exposed mice. Despite the group housing and fighting, the percent survival in control mice was similar to previous studies in this laboratory (5-7). The increased incidence of mortality in male mice in both treatment groups appears to be a secondary effect of JP-8 exposure. However, it is difficult to conceptulize the mechanism of this association. Irritancy was ruled out even though JP-8 has been shown to be a skin imtant (16, 20) . Histopathology at the end of the 90-day vapor exposure to JP-8 revealed no skin imtancy in either sex of rats or mice. Even if JP-8 vapors exhibited a subclinical irritancy effect, the greatest number of deaths occurred long after exposure to JP-8.
The increased incidence of splenic hematopoiesis in female rats at the final sacrifice was not considered a treatment effect, but rather a slight chance variation between groups. Chance variation is supported by the fact that no changes were seen in hematologic parameters between control and treated female rats at final sacrifice.
The increase in basophilic foci in male rat livers at the final sacrifice was of uncertain biological significance. There were no other changes seen associated with livers of male rats including liver tumors. Basophilic foci are not reliable predictors of potential hepatic carcinogenicity (8, 9).
Although a background infection was present in the lungs ofrats exposed to JP-8 (as well as controls), the lung was not a target organ for JP-8 vapors. This is consistent with previous studies of petroleum and oil shale JP-5 jet fuel (6), decalin ( 3 , and petroleum and oil shale diesel fuel marine (7) in which the lung was not a target organ.
In the male rat kidney after 90 days of active exposure, a triad of lesions developed, including exacerbated hyaline droplet formation in proximal convoluted tubules, granular casts in the outer medulla, and exacerbated lesions ofchronic progressive nephrosis.
The concomitant presence of increased renal epithelial cells in male rat urine at the end of the 90 day continuous exposure period, reflects accelerated cell loss, presumably from the proximal convoluted tubules. The proximal convoluted tubules represent the primary site of morphologic perturbation, even though necrosis was not observed. Although the Gariular casts {epresent the consequence of cell necrosis the site of cast formation clearly does not reflect the site of tubular cell necrosis but rather the site of entrapment. The casts were ultrastructurally located in the distal pars recta and proximal loop of Henle. These findings reflect an accelerated apoptosis or individual cell necrosis in the proximal convoluted tubule with entrapment in the outer medulla or loss in the urine. Accelerated apoptosis or individual cell necrosis accompanied by increased replicative rate in proximal convoluted tubules has been reported in male rats with hyaline droplet nephropathy associated with exposure to decalin and to unleaded gasoline. Persistence of this replicative rate increase over chronic exposure periods has been demonstrated to be integrally related to tubular tumor development in unleaded gasoline exposure of male rats (3, 19) . The hyaline droplet response and consequent increased renal epithelial cell loss were completely reversible in this subchronic exposure within a two week recovery period.
The granular casts disappeared in time concomitant with appearance of mineral debris in the inner papilla, specifically in Henle's loop, Results of this study with multiple interim necropsies after discontinuation of active treatment, serve to establish a link between the granular casts occurring in outer medulla and the linear inner medulla mineral. In this study, as the granular casts began to disappear from outer medulla, the linear mineral deposits began to appear in inner medula. Furthermore, the granular casts were a consistent finding in active treatment, whereas the linear mineral became a consistent feature of the chronic recovery period. The granular casts presumably gradually pass on down the nephron, where in the presence of higher concentrations of solute, the cell debris becomes mineralized. Once mineralized, the debris apparently becomes immortalized, unable to traverse the bend in Henle's loop.
Lesions of chronic progressive nephrosis continuously increased in severity and persistently remained increased in severity over controls. At 24 months after study initiation, the papilla mineral became associated with renal pelvis urothelial hyperplasia. The triad of lesions in active injury and the triad of chronic lesions (linear inner medulla mineralization, urothelial hyperplasia and exacerbated chronic progressive nephrosis) are very specific for a nephrotoxicant, and serve to establish commonality with other chemicals such as d-limonene, unleaded gasoline, p-dichlorobenzene, JP-10, RJ-5, and decalin. Of these chemicals for which treatment persisted for at least 1 yr, there were also renal tumoral responses, again restricted to male rats. In contrast, with decalin, tested.as was JP-8 for 90 days, no tumor response occurred. PresuKably, the toxicologic insult and replicative response must occur actively over a longer period than 90 days for the tumorigenic consequence of this hyaline droplet nephropathy (2, 19) .
Functional impact of this hyaline droplet nephropathy included a change in urine osmolality. This response of presumed reduced urine concentrating ability was not reversible. Because of the marked inner medulla mineralization, and because of the importance of inner medulla on urine con-centrating ability, the affected male rat kidneys would be expected to have compromised urine concentrating capacity.
Although the primary structural change, hyaline droplet formation, was rapidly and completely reversible, the consequence of the protein overload was not. The nephron obstruction induced by the granular cast and subsequently medullary mineral debris, represents irreversible injury associated with or causing the concomitant accelerated chronic progressive nephrosis (1 1 , 12) .
As with other hydrocarbons that induce hyaline droplet nephropathy, JP-8 treatment caused increase in relative kidney weights in male rats (7, 1 1). As a presumed consequence of the hyaline droplet nephropathy with associated chronic progressive kidney injury, the male rat relative kidney weight increase, also occurred after 21 months of recovery. In contrast, after 9 months ofrecovery with reversal of the active hyaline droplet accumulation and before development of severe grades of chronic progressive nephrosis, relative kidney weights were comparable among the male rat groups.
In this study, the predominant active treatmentassociated cellular alteration was recognized to represent an exacerbation of the development of crystalloid phagolysosomal inclusions. These inclusions in the control rat consist of alpha 2 p globulin, representing a structural and functional protein peculiarity of the male rat in comparison to the female rat, as well as other common laboratory animals or humans. Since the pathologic response to decalin, d-limonene, and unleaded gas has been demonstrated to depend specifically on perturbation of this male rat peculiarity, the predictiveness for humans has been discounted (12, 13, 19) . Since JP-8 creates the same specific spectrum of pathologic response, and since the female rat and mice of either sex did not develop a nephrotoxic response, the predictiveness of the JP-8 hyaline droplet nephropathy for humans should be considered improbable.
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